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Johansson et al. show that a recently
discovered temporal memory in
cerebellar Purkinje cells, which takes the
form of an adaptively timed inhibitory
response to glutamate, can be tied to a
specific metabotropic receptor subtype.
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Cerebellar Purkinje cells can learn to respond to a
conditioned stimulus with an adaptively timed pause
in firing. This response was usually ascribed to long-
term depression of parallel fiber to Purkinje cell syn-
apses but has recently been shown to be due to a
previously unknown form of learning involving an
intrinsic cellular timing mechanism. Here, we investi-
gate how these responses are elicited. They are
resistant to blockade of GABAergic inhibition, sug-
gesting that they are caused by glutamate release
rather than by a changed balance between GABA
and glutamate.We show that the responses are abol-
ished by antagonists of the mGlu7 receptor but not
significantly affected by other glutamate antago-
nists. These results support the existence of a
distinct learning mechanism, different from changes
in synaptic strength. They also demonstrate in vivo
post-synaptic inhibition mediated by glutamate and
show that the mGlu7 receptor is involved in acti-
vating intrinsic temporal memory.
INTRODUCTION
Temporal precision is necessary in a wide range of tasks, from
driving a car to anticipating the next step of a dance partner,
and to control such behaviors the brain must produce complex
temporal neural activity patterns. A simple form of timing-depen-
dent learning can be studied in eyeblink conditioning. If a neutral
conditioned stimulus (CS) repeatedly precedes an uncondi-
tioned blink-eliciting stimulus (US) with a fixed temporal delay
(the interstimulus interval, ISI), it acquires the ability to elicit a
timed blink response that peaks near the US onset (Kehoe and
Macrae, 2002). Such timed conditioned responses depend
upon the cerebellar cortex (Yeo et al., 1984). Purkinje cells in a
specific, blink-controlling area of the ferret cerebellar cortex
receive information about the CS and US via mossy/parallel fi-
bers and climbing fibers, respectively (Hesslow, 1995; Hesslow
et al., 1999; Hesslow and Yeo, 2002). During conditioning, Pur-
kinje cells acquire a learned suppression of firing in response
to the conditioned stimulus (Halverson et al., 2015; Hesslow,Cell Re1994b; Hesslow and Ivarsson, 1994; Jirenhed et al., 2007).
This firing rate reduction releases tonic inhibition of cerebellar
nuclear cells, which increase their firing rate to generate an overt,
conditioned blink (Heiney et al., 2014; Hesslow, 1994b; Hesslow
and Ivarsson, 1994; Jirenhed et al., 2007).
The conditioned behavioral responses and the conditioned
reductions in Purkinje cell firing rate have critically similar prop-
erties. They are both adaptively timed, conditioned behavioral
responses reach their maximum amplitude just before the antic-
ipated onset of the US and the Purkinje cell’s firing rate change is
a few tens of milliseconds earlier, consistent with delays in the
motor pathways (Lepora et al., 2010). Both response types usu-
ally end shortly after the ISI even if the conditioned stimulus lasts
only a few milliseconds or if it outlasts the ISI by several hundred
milliseconds (Jirenhed and Hesslow, 2011a, 2011b; Johansson
et al., 2014). These properties strongly suggest a causal relation-
ship between the conditioned Purkinje cell activity changes
(henceforth called conditioned Purkinje cell responses) and the
conditioned behavior (Jirenhed and Hesslow, 2015). This view
is also supported by the findings that interfering with the
conditioned Purkinje cell responses causes a disruption of the
conditioned eyeblink (Hesslow, 1994b) and that eyeblinks can
be elicited through optogenetic inhibition of Purkinje cells (Hei-
ney et al., 2014).
The ability to timeconditionedPurkinje cell responses correctly
is usually ascribed to the availability of temporal information in the
parallel fiber input signal arising from network dynamics that
create time-varying activation of different granule cell subpopula-
tions (Lepora et al., 2010;Medina andMauk, 2000; Yamazaki and
Tanaka, 2009). In these and many other models, pairing these
parallel fiber signals with a US-elicited climbing fiber input would
cause long-term depression (LTD) selectively of those parallel
fiber-to-Purkinje cell synapses most activated by the CS around
the time of US onset. These parallel fibers would then contribute
to the conditioned response, which would therefore be correctly
timed when the CS is re-applied. However, we have recently
shown that even when the conditioned stimulus is a direct train
of repetitive stimuli to the parallel fibers, such that temporal cod-
ing through network properties is ruled out, the Purkinje cell still
learns an adaptively timed response (Johansson et al., 2014).
So the timing of the conditioned response must here be due to
a mechanism intrinsic to the Purkinje cell.
Traditionally, simple spike firing in a Purkinje cell is seen
to be determined by the balance between a direct excitatory,ports 13, 1741–1746, December 1, 2015 ª2015 The Authors 1741
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Figure 1. Experimental Setup and Conditioned Responses
(A) Simplified neural circuitry with stimulation, recording, and injections sites.
(B) Typical examples of naive and conditioned Purkinje cell responses to a
forelimb conditioned stimulus. Activity seen during the US period is stimulation
artifacts.
(C) Averaged and smoothed response profile ±SEM (percentage of back-
ground activity) to the conditioned stimulus for all of the Purkinje cells included
in this study (ISI 200, n = 22; ISI 300, n = 21; ISI 400, n = 5).
CS, conditioned stimulus; US, unconditioned stimulus; ISI, interstimulus in-
terval; IC, inferior colliculus; IO, inferior olive; cf, climbing fiber; mf, mossy fiber;
Pc, Purkinje cell; Gc, Golgi cell; pf, parallel fibers; Grc, granule cell.glutamatergic input from parallel fibers acting on AMPA-kainate
receptors and an indirect, inhibitory input from GABAergic inter-
neurons, which themselves are driven by similar parallel fiber
inputs. Thus, when a CS is presented after conditioning, the acti-
vated direct parallel fiber input set will include a higher proportion
of long-term depressed synapses, whereas the indirect, inhibi-
tory input remains relatively unchanged and so the balance of
input influence will shift to inhibition. But this view is challenged
by the recent demonstration that the conditioned Purkinje cell
responses are resistant to blocking GABAergic interneuron inhi-
bition of the Purkinje cell (Johansson et al., 2014). This finding
raises the intriguing possibility that these learned responses
depend upon a shift to inhibition mediated by glutamate release
from parallel fibers onto the Purkinje cell.
What are the candidate mechanisms for this possibility? In
addition to the excitatory ionotropic (AMPA-kainate) glutamate
receptors, there are two types of metabotropic glutamate recep-
tors on Purkinje cells, mGluR1 and mGluR7 (Kno¨pfel and
Grandes, 2002). The mGluR1 is thought to be necessary for
pf-PC LTD (Kno¨pfel and Grandes, 2002), and it has been sug-
gested (Fiala et al., 1996; Steuber and Willshaw, 2004), though
later challenged (Hesslow et al., 2013; Johansson and Hesslow,
2014; Yamazaki and Tanaka, 2009), that it triggers conditioned
responses through calcium-activated potassium channels. In
contrast, group II/III metabotropic receptors have inhibitory ef-
fects in some neurons (Cox and Sherman, 1999; Dutar et al.,
1999; Lee and Sherman, 2009), and an unusual hyperpolarizing
effect of glutamate on Purkinje cells has been reported (Inoue
et al., 1992). Purkinje cells express mGluR7 (Kinoshita et al.,
1998; Phillips et al., 1998), and we suggested that this group III
metabotropic glutamate receptor could be involved in generating
the conditioned Purkinje cell response (Johansson et al., 2014).
Because mGluR7 expression is limited to Purkinje cells (Phillips
et al., 1998; also see Allen Brain Atlas, http://www.brain-map.
org/) and some granular layer interneurons, we here test this hy-1742 Cell Reports 13, 1741–1746, December 1, 2015 ª2015 The Autpothesis using pharmacological block of mGluR7 in the Purkinje
cell and molecular layers after conditioning, and we also tested
possible contributions from the other Purkinje cell glutamate re-
ceptors by antagonizing AMPA-kainate receptors and mGluR1.
RESULTS AND DISCUSSION
The critical relationship between Purkinje cell activity and condi-
tioned eyeblink responses and their dependence upon identified
stimulus timings and contingencies is established only for limited
cortical areas in the C3 (Hesslow, 1994a, 1994b) and D0 (Mostofi
et al., 2010) regions of cortical lobule HVI. Therefore, the activity
of 48 Purkinje cells from a blink-controlling area, identified by
short-latency complex spikes in response to periocular stimula-
tion (Figure 1A), in the C3 zone was recorded in 33 decerebrated
male ferrets (experiments approved by the Malmo¨/Lund animal
research ethics committee). The cells had been trained with
interstimulus intervals of 200 ms (n = 22), 300 ms (n = 21), or
400 ms (n = 5), with trains of electrical stimuli (50 Hz, 400 ms)
to the ipsilateral forelimb as the conditioned stimulus and direct
electrical stimulation of climbing fibers (two stimulus trains of five
pulses at 500 Hz separated by 10 ms [Jirenhed et al., 2007]) as
the unconditioned stimulus (Figure 1). Figure 1A shows our
experimental setup and Figure 1B shows typical naive and
conditioned Purkinje cell responses to the forelimb conditioned
stimulus. Population data of all recorded conditioned responses
are shown in Figure 1C.
After training that usually lasted for two to three hours, the Pur-
kinje cell exhibited characteristic conditioned pause responses
to the CS, as previously described (Jirenhed et al., 2007; Johans-
son et al., 2014). The selective mGluR7 antagonist 6-(4-Methox-
yphenyl)-5-methyl-3-(4-pyridinyl)-isoxazolo[4,5-c]pyridin-4(5H)-
one hydrochloride (MMPIP) was then applied while recording
Purkinje cell activity (n = 14). Cortical infusions (300–600 mM,
2 ml over 2 min, applied 1–2 mm from the recorded cell)
completely removed the pause response (n = 4, one Purkinje
cell per subject, Figure 2A) and even replaced it with excitation.
In another group of six subjects (ten Purkinje cells), local sub-
nanoliter injections (n = 7) also removed most of the pause
response, but, in three cases, the drug preferentially disturbed
the pause response at its normal maximum (the last 100 ms of
the interstimulus interval, Figure 1C). Figures 2B–2D shows the
effect of repeated low-dose local injections on individual Purkinje
cells (one cell in each panel). Additional local injections (i.e., an
increasing dose) progressively diminished the pause response
across the whole interstimulus interval to flatten the temporal
response profile (Figures 2B–2D). For all ten cells and all concen-
trations of MMPIP used (6–600 mM), the pause response at the
anticipatedmaximum toward the end of the interstimulus interval
was diminished (Figure 2E). An example of a residual early pause
following a single sub-nanoliter injection is seen in Figure 2F. As
an additional test, we applied the orthosteric mGluR7 antagonist
LY341495 (5 mM) in another group of cells (n = 5) and obtained
similar results (Figures 2G and 2H), although this less selective
antagonist (with higher affinity for other mGluR subtypes,
including mGluR2 expressed by Golgi cells [Kno¨pfel and
Grandes, 2002]) was less efficient with 3/5 cells maintaining a

























































































1st, 2nd, 3rd local injection
MMPIP dose-response 
1st, 2nd, 3rd local injection
MMPIP dose-response 



















Figure 2. Purkinje Cell Responses to the Unpaired Conditioned
Stimulus after Injection of mGluR7 Antagonist
Purple and black bars indicate conditioned stimuli and interstimulus intervals,
respectively.
(A) Averaged response profile before and after cortical infusions of MMPIP
(300–600 mM).
(B–D) Response profiles of individual Purkinje cells, one in each panel, before
and after repeated sub-nanoliter local injections of 6 mM MMPIP.
(E) All Purkinje cell responses during the last 100 ms of the interstimulus in-
terval before and after application of MMPIP. For cortical infusions: cell 1,
300 mM; cells 2–4, 600 mM.
(F) Raster plot of a Purkinje cell where a short latency inhibition remained after
injection of MMPIP.
(G) Averaged response profile before and after local injection of LY341495.
(H) All Purkinje cell responses during the last 100 ms of the interstimulus in-
terval before and after local injection of LY341495.
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Figure 3. Purkinje Cell Responses to the Unpaired Conditioned
Stimulus after Injection of mGluR1 Antagonist
(A) Purkinje cell responses during the last 100 ms of the interstimulus interval
before and after injection of JNJ16259685. x axis indicates individual cells.
(B) Averaged response profiles after infusion/injection of JNJ16259685.Means
of pre-injection responses are shown in gray (ISI 200 ms) and black (ISI
300 ms), respectively.The resistance of the pause response to suppression in the
early part of the interstimulus interval, as was seen in three
subjects with sub-nanoliter injections, may relate to the pauseCell Reresponse dynamics. Although the lowest instantaneous firing
rate occurs in the later part of the interstimulus interval, the
rate of change of firing in the pause response is greatest in the
earlier part. Hence, the mechanism driving the Purkinje cell inhi-
bition is likely to be more potent in this early part, and so more
resistant to the antagonists. The small residual responses may
be due to dose effects or it may be that neither MMPIP nor
LY341495 completely block all mGluR7 effectors, such as Kir3
(GIRK) channels (Niswender et al., 2008, 2010). MMPIP and
LY341495 were dissolved in DMSO (see Experimental Proce-
dures). Vehicle infusions were tested on five Purkinje cells but
produced no significant changes in the pause responses.
To investigate potential mGluR1 contributions to the condi-
tioned pause responses, 13 Purkinje cells were recorded in
four subjects after a 10-mM cortical infusion of the mGluR1
antagonist JNJ16259685, and four more cells were recorded
from two additional subjects after local injections of 1 or
10 mM. This allowed eight direct comparisons before and
after application of the antagonist (within-subject, Figure 3A).
Because of the similarity between the conditions all 17 cells
are reported together in Figure 3B. The conditioned pause re-
sponses remained unchanged at all applied concentrations of
the antagonist that were tested. This antagonist has no reported
effects upon fast parallel fiber excitatory postsynaptic potentials
(EPSPs) and climbing fiber responses up to high concentration
(10 mM) (Fukunaga et al., 2007), so no changes in spontaneous
firing rate were anticipated. Thus it is not straightforward to verify
physiologically, in vivo, that the mGluR1s were fully blocked. But
the possibility that these receptors contribute importantly to the
conditioned response here is unlikely since the highest concen-
tration of mGluR1 antagonist was more than 500 times the
in vitro IC50). In contrast, similar applications of low mGluR7
antagonist concentrations (approximately ten times in vitro
IC50) significantly diminished the conditioned response.
The importance of AMPA-receptormediated activity for condi-
























































Figure 4. Purkinje Cell Responses to Control Parallel Fiber Stimu-
lation and to the Unpaired Forelimb Conditioned Stimulus after In-
jection of Ionotropic Glutamate Receptor Antagonist
(A) Typical Purkinje cell response to 100Hz parallel fiber stimulation before and
during 0–4, 4–8, 8–12, 12–16, and 16–20min (bottom-up) after local injection of
25 mM NBQX.
(B) Example case of NBQX briefly un-masking inhibition elicited by the parallel
fiber stimulation.
(C) Averaged and smoothed response profiles ±SEM to parallel fiber stimu-
lation before (black) and after (red) local injection of NBQX (n = 8).
(D and E) Averaged and smoothed response profiles ±SEM to the conditioned
stimulus before (cyan) and after (green) local injection of NBQX (D, 200-ms
interstimulus interval, n = 4; E, 300-ms interstimulus interval, n = 4).infusions of the AMPA-kainate receptor antagonist CNQX pre-
vents behavioral conditioned nictitating membrane responses
in rabbits (Attwell et al., 1999; Mostofi et al., 2010). However,
CNQX may have blocked AMPA-mediated transmission in the
granule cell layer in the first of these studies (Attwell et al.,
1999), though the smaller infusions (600–800 nl) adjacent to re-
corded Purkinje cells and simultaneous suppression of complex
spike activity in the later (Mostofi et al., 2010) are consistent with
infusions focused on but perhaps not restricted to the molecular
layer. However, if those results were due to the conditioned
stimulus signal not reaching the Purkinje cell, because of
mossy fiber-granule cell transmission block, we suggest that
extremely local blockades of AMPA-kainate receptors at the
recorded Purkinje cell, by applying sub-nanoliter volumes
of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-
dione (NBQX) (Wilding and Huettner, 1996) 15 mm from the tip
of the recording electrode, should leave the cellular delayed
responses intact. To establish an effective concentration of
NBQX at the recorded Purkinje cell, we first used direct parallel
fiber stimulation to cause an ionotropically mediated excitatory
response, which can then be used as a control to ascertain
that AMPA-kainate receptors are blocked. This excitatory
response is not seen with a more natural forelimb conditioned
stimulus (Rasmussen et al., 2008) but is suited for confirming1744 Cell Reports 13, 1741–1746, December 1, 2015 ª2015 The Autan effective blockade of AMPA-kainate receptors. When a suffi-
cient dose of NBQX (0.5–1 nl, 25 mM) had been injected, the
excitatory response to parallel fiber stimulation disappeared
(n = 8) (Figure 4A) and later returned. In three cases, an initial
excitatory response to parallel fiber stimulation was replaced
by a suppression of Purkinje cell firing (Figure 4B, top). This
was probably because the beamof activated parallel fibers could
still drive inhibitory interneurons (lateral to thePurkinje cell) further
away. Consistent with this interpretation was the finding that this
suppression faded after a fewminutes duringwhich time the drug
would have diffused laterally (Figure 4B, bottom). The average
response to parallel fiber stimulation fell from >200% of simple
spike firing (relative to background) to no increase (Figure 4C,
n = 8). Conditioned stimulus (forelimb stimulation) trials were
then interspersed with the control parallel fiber stimulation trials,
so that conditioned stimulus trial datawere obtained only from tri-
alswhere the AMPA receptorswere shown to be blocked. Condi-
tioned pause responses were unaffected and normal after
applyingNBQX (Figures 4Dand4E). Given that only excitatory re-
sponses to AMPA receptor activation have been described, this
need not be a surprising result and it is also consistent with our
other data showing that the learning mechanism is unlikely to
involve altered strength of AMPA receptor mediated synapses
(Hesslow et al., 2013; Johansson et al., 2014).
We have so far assumed that the mGluR7 antagonists acted
post-synaptically on Purkinje cells, but it might be asked if the
prevention of the conditioned Purkinje cell response could have
been caused by pharmacological effects on other cortical neu-
rons, or pre-synaptically on parallel fibers. Here, we present
arguments against such interpretations. First, we have previously
shown that the conditioned Purkinje responses can be elicited by
direct parallel fiber stimulation and that they are not mediated by
GABAergic interneurons. This clearlymakes thePurkinje cells the
most plausible source of themGluR7 antagonist effects. Second,
current evidence (Phillips et al., 1998; also see Allen Brain Atlas,
http://www.brain-map.org/) suggests thatmGluR7 receptors are
expressedmainly or exclusively on Purkinje cells in themolecular
layer. Using a multibarrel electrode, we were able to inject very
small amounts of antagonist only micrometers away from the
Purkinje cell dendrites from which we recorded and the effects
were immediate, making other targets very unlikely. Third, if the
mGluR7 antagonists acted on granule cells, the implication
would be that glutamate released by parallel fibers onto interneu-
rons or Purkinje cells would elicit the pauses via some other
receptor. This now seems unlikely, because blocking other re-
ceptors, both for glutamate and GABA, had no effect on the
conditioned Purkinje cell response.
In many cell types, group III metabotropic glutamate receptors
are believed to function as presynaptic autoreceptors that
mediate feedback inhibition of glutamate release, probably via
reduced Ca2+ entry into the nerve terminals (Milla´n et al.,
2002). So, in principle, blocking mGluR7 might lead to increased
glutamate release from parallel fibers and so counteract simple
spike suppression during the conditioned pause. Three consid-
erations argue strongly against this interpretation. First, in vitro
studies in rodents reveal that parallel fiber glutamate release is
regulated bymGluR4 and not mGluR7 (Abitbol et al., 2008). Sec-
ond, excitatory ionotropic glutamate receptors and mGluR1 arehors
the only other postsynaptic candidates for mediating a condi-
tioned pause response consequent upon decreased glutamate
release, and both are now excluded by our findings here that
blocking them had no significant effects on the learned pause.
Third, there were no significant excitatory effects of mGluR7
block outside the learned pause period. Because we used a
standard duration for the conditioned stimulus of 400 ms, it out-
lasted the interstimulus interval and the main part of the pause
response by 200 ms in most cases. If the mGluR7 antagonists
had acted to increase simple spike firing by increasing glutamate
release, rather than by interfering with a specific mechanism for
eliciting the pause responses, this should be reflected in an
increased firing rate during the conditioned stimulus presenta-
tion beyond the pause duration. This was clearly not the case.
Inspection of Figure 2A shows that the simple spike firing level
during the conditioned stimulus presentation after the pause is
not increased, rather there is some rate decrease. The findings
do not support the suggestion that the mGluR7 antagonist
effects on the conditioned pause depend upon enhanced gluta-
mate release by presynaptic action.
Conditioned Purkinje cell responses have been attributed to
time-varying input signals in parallel fibers acting on Purkinje
cells, through excitatory ionotropic glutamate receptors, and
upon inhibitory GABAergic interneurons. There would be
learning by LTD of the parallel fiber to Purkinje cell synapses.
Several recent findings have called this view into question. These
include the observation that Purkinje cell conditioned responses
(CRs) can be elicited by direct parallel fiber stimulation after
GABA block (Johansson et al., 2014) and the demonstrations
that Ca2+-mediated LTD through endocytosis of AMPA recep-
tors could be prevented pharmacologically (Welsh et al., 2005)
and by genetic manipulation of the critical signaling mechanisms
(Schonewille et al., 2011) without disrupting conditioned eye-
blinks and other cerebellar-dependent forms of motor learning.
The present results suggest instead that the conditioned re-
sponses are mediated by a metabotropic glutamate receptor,
the mGluR7. Although perhaps surprising, this is more plausible
than the traditional view. Here, the conditioned pause responses
are elicited by a uniform repetitive parallel fiber input to the Pur-
kinje cell. The responses have a learned temporal profile with
specific onset, peak, and termination times that are mostly inde-
pendent of the duration of the impulse train in the parallel fibers
(Jirenhed andHesslow, 2011b; Johansson et al., 2014; Svensson
and Ivarsson, 1999). To explain these properties in terms of iono-
tropic receptors is, in any case, difficult (Hesslow et al., 2013), but
the recent demonstration that the pause responses are indepen-
dent of GABAmakes it virtually impossible. ThemGluR7 receptor
is a more plausible initiator of a biochemical signal cascade that
could account for these essential temporal properties of the
conditioned pause response. Further studies are needed to eluci-
date the precise mechanism by which mGluR7 elicits inhibition.
Activation of Kir3 channels, inhibition of cAMP signaling, and inhi-
bition of Ca2+ channels are all potential contributors.
In other learning situations, where peripheral mechanisms can
provide a richer temporal variation in the input to the granule cell
layer, temporal coding in the parallel fiber input to Purkinje cells
would be available. Under these conditions, synaptic weight
changes such as LTD at parallel fiber synapses could play theirCell Repart in establishing a temporal profile to learned responses. It
will be important to determine whether such synaptic changes
operate in parallel with the mGluR7-mediated postsynaptic tem-
poral learning mechanism identified here.
EXPERIMENTAL PROCEDURES
Surgery and Training Protocol
33 male 1-year-old ferrets were surgically prepared with electrical stimulation
sites as previously described (Jirenhed et al., 2007) and approved by the local
ethics committee. The conditioned stimulus was a 400 ms stimulus train
(50 Hz, 1 ms pulse duration, 0.8–1.4 mA) applied to the ipsilateral forelimb.
The unconditioned stimulus consisted of two five-pulse 500 Hz stimulus trains
(0.1 ms pulse duration, 100–400 mA) separated by 10 ms, applied to ipsilateral
climbing fibers 200, 300, or 400ms after conditioned stimulus onset. The inter-
trial interval was 15 ± 1 s (randomized). Acquisition sessions with paired condi-
tioned stimulus-unconditioned stimulus trials lasted 100–180 min.
Recordings and Data Analysis
Recording technique and analysis software were as previously described
(Jirenhed et al., 2007; Johansson et al., 2014) with the addition of using
Carbostar-4 and Carbostar-6 multibarrel electrodes (Kation Scientific) for
recording Purkinje cell activity. All data are quantified in 10-ms bins, and cell
activity was reported as a percentage is normalized to activity 600 ms pre-trial
and averaged over 20 trials for responses to the conditioned stimulus or five
trials for responses to parallel fiber stimulation. Raster plots and histograms
show raw data, and traces of cell activity in all figures are smoothed using a
five-point moving average.
Pharmacology
All drugs were from Tocris Bioscience. Stock solutions of MMPIP hydrochlo-
ride, LY341495, and JNJ16259685 were prepared by dissolving in fresh
DMSO and then diluted in physiological saline to final DMSO concentrations
of 0.06%–6.0%. NBQX (disodium salt) was dissolved in H2O and diluted in
physiological saline. All drugs were kept frozen until use and injected either
with a pipette 1–2 mm away from the recording electrode or with pressure
micro-ejections through the multibarrel Carbostar electrodes. The micro-ejec-
tions were calibrated by ejecting saline into paraffin oil and measuring the
droplet size under a microscope against a calibration scale. Pressures were
set to achieve a droplet size of (0.25–0.5 nl).
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